This paper deals with the dynamic failure elongation of mild steel, SGACD and advanced high strength steel sheets such as TRIP600, DP600 and TWIP steels. The failure elongation has been obtained from the high speed tensile testing machine with various strain rates ranged from 0.003/s to 200/s. The experimental result demonstrates that the tensile elongation does not simply decrease as the strain rate increases, but it decreases from the quasi-static state to the strain rate of 0.1 or 1/s and increases again up to the strain rate of 100/s. Furthermore, some high strength steels have the tendency that the tensile elongation increases as the strain rate increases. Moreover, the localized strain rate hardening in the necking region induces the increase of elongation.
Introduction
The sheet metal forming process is one of the most important fabrication processes for an auto-body with development of forming techniques. Although the formability is important and indispensable for success in very complicated sheet metal forming, few studies have been done about the formability of sheet metal since it was difficult to make the tensile test of sheet metal at the intermediate strain rate ranged from several tens to hundreds per second. The dynamic tensile properties of auto-body steel sheets are important since the range of the strain rate is under 500/s in a real auto-body crash and at which the dynamic response of steel sheets is different from static one [1, 2] . Mechanical, pneumatic and servo-hydraulic loading methods have been used to measure mechanical properties of materials at this range of intermediate strain rate. Nowadays, servo-hydraulic material testing machines are employed in most research works [3] . However, a few in-depth studies have been published about the dynamic material properties such as the yield and tensile strength as well as the tensile elongation at the intermediate strain rates.
In this paper, the tensile elongation has been obtained from various steel sheets for an auto-body at the intermediate strain rates. Dynamic tensile tests of four different steel sheets for an auto-body such as SGACD, TRIP600, DP600 and TWIP steels were performed to investigate the relation between the strain rate and the tensile elongation.
Experimental Conditions
In this research, a high speed material testing machine of the servo-hydraulic type was utilized in order to obtain the dynamic mechanical properties at the intermediate strain rates. The machine has the maximum stroke velocity of 7800 mm/s, the maximum load of 30 kN and the maximum displacement of 300 mm. Two electric motors are used to compress the operating hydraulic oil up to the pressure of 300 bars and two accumulators with the capacity of 5 liters are used to make the response time faster. The machine equipment is set up with the Kistler 9051A piezo-electric type load cell in a specially designed loading fixture to reduce the noise level and to increase the noise frequency from the load-ringing phenomenon. Several tests were conducted at the same condition to verify repeatability and the results were very satisfactory for repeatability with robust calibration and indicated that the machine response, testing procedure and material response were consistent.
Tensile specimens for the standard test are specified in the regulations of ASTM, BSI and KS as well as the testing method. These regulations, however, do not include the high speed tensile testing method and the corresponding specimens. Therefore, an appropriate high speed tensile testing method and specimen need to be determined for accurate tensile tests at the high strain rate ranged from 1 to 500/s. The dimension of specimen was determined from the finite element analysis result and the tensile test result considering the shape factors [4] . The dynamic tensile specimen has length of the parallel region of 30 mm and 6 mm in both gauge width and fillet radius.
The materials tested were auto-body steels such as SGACD, TRIP600, DP600 and TWIP steels prepared along the rolling direction. Experiments were carried out at room temperature of 294K at the strain rates ranged from quasi-static to 200/s. Quasi-static tensile tests were carried out at the strain rate of 0.003/s using the static tensile machine, Instron 5583. Dynamic tensile tests were carried out at strain rates from 0.1/s to 200/s using a high speed material testing machine developed.
Dynamic Tensile Characteristics of Steel Sheets
Flow Stress with Strain Rate. The mechanical properties of auto-body steel sheets obtained from the static test are given in Table 1 . TWIP steel has highest elongation and lower yield ratio than any other steel sheets due to the massive twinning in the austenitic matrix during deformation. Twinning induced plasticity (TWIP) effect is the most useful effect on the work hardening because deformation twins increase the work hardening rate by acting as obstacles for gliding dislocations. TRIP600 has higher elongation and good ductility than DP600 steels due to the TRIP effect. This effect improves the elongation and strength of materials as the phase of remained austenite transforms into the phase of martensite during deformation.
Dynamic tensile tests were carried out at the strain rate ranged from 0.003/s to 200/s. Engineering stress-strain curves of auto-body steel sheets are shown in Fig. 1 at various strain rates. As the strain rate increases, the flow stress of steel sheets gradually increases but in case of TWIP steel, although the yield stress is positively sensitive to the strain rate, the tensile strength shows negative strain rate sensitivity. The slope of the stress-strain curve for mild steels such as SGACD decreases as the strain rate increases. As a result, the ultimate tensile strength occurs at the lower strain and the hardening exponent becomes smaller with the increase of the strain rate. This phenomenon seems to occur with the mechanism of grain sliding and the heat dissipated from the plastic work at the high strain rate. The yield stress of SGACD increases by more than two times while the increases of the yield stress of the advanced high strength steel, TRIP600, DP600 and TWIP steels is below 1.2 times. In general, the yield stress of the mild steel is more sensitive to the strain rate than that of the high strength steel. DP600 is more sensitive to the strain rate than TRIP600 in terms of the ultimate tensile strength. This result represents that the strain rate hardening of DP sheets is more advantageous than that of TRIP sheets because the strain rate in most auto-body crashes is under 500/s. Although the TWIP steel has prominent hardening and elongation properties at static state, TWIP steel will be disadvantageous in the auto-body crash event because flow stress is negatively sensitive to the strain rate.
Material
Thickness Fig. 2 Failure elongation of SGACD, TRIP600, DP600 and TWIP steels at various strain rates Failure Elongation. The failure elongation was obtained from the engineering stress-strain curves at various strain rates. Fig. 2 shows the failure elongation distribution with the same elongation range of 18% against the logarithmic scale of the strain rate. It is known from classical conjecture that the strength of steel increases due to the strain rate hardening and the fracture elongation is expected to Key Engineering Materials Vols. 385-387 decrease as the strain rate increases. However, the tensile test results show that the failure elongation of SGACD and TRIP600 decreases with increasing strain rate from 0.003/s to 0.1/s, and then increases up to the strain rate of 50/s or 100/s. The failure elongation of TWIP steel also shows this tendency although the elongation at quasi-static is higher than that at the dynamic state. On the other hand, the failure elongation of DP600 increases monotonically as the strain rate increases. Peixinho et al. [5] obtained the similar experimental result that ductility of TRIP600 and DP600 does not simply decrease with increasing the tensile speed. When the necking phenomenon occurs in simple static tensile tests, deformation is concentrated at the gauge region in a narrow band of the gauge region. On the other hand, in tensile tests at the high stain rates, local strain rate hardening restrains the progress of necking and diffuse necking region expands in the adjacent region forming a wide band of necking. It is because the strain rate at the necking region becomes particularly higher than the other region and the flow stress in the necking region exceeds the flow stress in the other region due to the rapid increase of the strain rate. Consequently, the necking region becomes stronger than the neighboring region despite thinning in the necking region, and finally the failure elongation increases as the strain rate increases. This experimental result is worthy of attention for the crashworthiness of an auto-body especially in terms of the fracture and tearing of auto-body members. This result is also applicable to sheet metal forming processes of auto-body members in order to enhance the formability of sheet metals. This increment of fracture elongation is due to the strain rate hardening in the proper strain rate range. This result reveals that forming processes at an adequate strain rate can enhance the formability compared to the static forming process.
Conclusions
This paper represents the tensile failure elongation that has been obtained for various steel sheets for an auto-body at the intermediate strain rate. The high speed material testing machine and the dynamic tensile specimen has been used for dynamic tensile tests at intermediate strain rates ranging from 0.1/s to 200/s. Dynamic tensile tests of SGACD, TRIP600, DP600 and TWIP steels for an auto-body were performed to investigate the relation between the strain rate and the elongation from the stress-strain curves at various strain rates. Several remarks are deduced from the experimental results as follows:
The failure elongation and the formability of TRIP600 are better than those of DP600 at the intermediate strain rates. TWIP steel shows prominent failure elongation compared to other steel sheets although flow stress is negatively sensitive to the strain rate.
The failure elongation of auto-body steels decreases with increasing strain rates from 0.003/s to 0.1/s, and then increases up to the strain rate of 50/s or 100/s due to the local strain rate hardening. The elongation of DP600 increases monotonically as the strain rate increases in contrast to the classical conjecture. This phenomenon is very interesting and important in sheet metal forming and the high speed deformation such as the auto-body crash from a viewpoint that the increment of the strain rate does not deteriorate the elongation.
